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1. I N T R O D U C T I O N  

I n  t h e  past h a l f  year ,  l a b o r a t o r y  r e s e a r c h  has been f u l l y  

c o n c e n t r a t e d  on t h e  e l u c i d a t i o n  o f  t h e  p r o c e s s e s  which da rken  the 

l u n a r  s u r f a c e .  

We have pursued  o u r  e f f o r t s  toward t h e  chemica l  a n a l y s i s  o f  

the  s u r f a c e  of rock  powder g r a i n s  b e f o r e  and a f t e r  b e i n g  s u b j e c t e d  

t o  s i m u l a t e d  s o l a r  wind. 

A sample p r e p a r a t i o n  method has been  developed  t h a t  makes 

Auger a n a l y s i s  of i n s u l a t i n g  powder s u r f a c e s  r e l i a b l e  and minimizes  

t h e  "charge-up" problem. Modi f i ca t ion  on some o f  t h e  e l e c t r o n i c  

components o f  t h e  Auger e l e c t r o n  s p e c t r o m e t e r  f u r t h e r  i n c r e a s e d  

t h e  s i g p a l - t o - n o i s e  r a t i o .  The q u a l i t y  and r e p r o d u c i b i l i t y  of 

o u r  Auger e l e c t r o n  s p e c t r a  t h u s  have much improved and w e  have  

a l r e a d y  o b t a i n e d ,  f o r  example, a se r ies  o f  ve ry  i n f o r m a t i v e  s p e c t r a  

o f  l u n a r  d u s t .  

Much e f f o r t  has been spen t  on t h e  r e c o n s t r u c t i o n  o f  t h e  s o l a r  

wind s i m u l a t o r  ( h i g h  vacuum, p ro ton  ( o r  a - p a r t i c l e )  bombardment 

chamber) which had been e x t e n s i v e l y  used  i n  o u r  l a b o r a t o r y  by 

Hapke. T h i s  sys tem was o r i g i n a l l y  b u i l t  some t e n  years ago and 

needed  a c o n s i d e r a b l e  amount o f  r e p a i r  and m o d i f i c a t i o n  f o r  o u r  

p r e s e n t  expe r imen t s .  

We a l s o  conducted a s tudy  of t h e  v a r i a t i o n  of  t h e  o p t i c a l  

p r o p e r t i e s  of Apollo 1 5  deep d r i l l  c o r e  samples as a f u n c t i o n  o f  

depth  below t h e  s u r f a c e .  We compared t h e  a l b e d o  v a r i a t i o n  w i t h  

depth  t o  t h e  v a r i a t i o n  o f  cosmic r a y  t r a c k  d e n s i t y  wi th  dep th  i n  

o r d e r  t o  s e e  if any c o r r e l a t i o n  exis ts .  Such c o r r e l a t i o n  would 
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d e m o n s t r a t e  t he  dependence of a l b e d o  on the  l e n g t h  o f  exposure  of  

t h e  d u s t  g r a i n s  t o  s o l a r  wind. 

T h e o r e t i c a l  work was con t inued  on s u r f a c e  t r a n s p o r t a t i o n  

e f f e c t s  on t h e  Moon. A s t a t i s t i c a l  Monte C a r l o  c a l c u l a t i o n  

h a s  been  c a r r i e d  o u t  t o  r e c o n s t r u c t  t h e  e f f e c t s  of  random mixing  

t h a t  would b e  needed t o  a c h i e v e  t he  u n i f o r m i t y  o f  s u r f a c e  exposure  

of  d u s t  g r a i n s .  These c a l c u l a t i o n s  made i t  c l ea r  t h a t  p r o c e s s e s  

o t h e r  t h a n  random mixing by m i c r o m e t e o r i t e s  must b e  i n v o l v e d .  

11. EXPERIMENTAL RESEARCH 

A )  Auger A n a l y s i s  of  Lunar Samples and P ro ton  Bombarded 

Te r re s t r i a l  Rock Samples. 

I n  o r d e r  t o  o b s e r v e  c h a r a c t e r i s t i c  Auger peaks  of such  e l e m e n t s  

as i r o n  and magnesium, common b o t h  i n  t e r r e s t r i a l  and l u n a r  r o c k  

powders ,  w e  have  t o  bombard t h e  s u r f a c e -  of t h e s e  powders w i t h  e l e c t r o n s  

of 2 O O O - 3 O O O  V ene rgy .  A t  these p r imary  e l e c t r o n  e n e r g i e s  t h e  

s e c o n d a r y  e l e c t r o n  e m i s s i o n  c o e f f i c i e n t  i s  below u n i t y  f o r  most 

powders and t h e i r  s u r f a c e s  thus  c h a r g e  up n e g a t i v e l y .  T h i s  c h a r g e ,  

however ,  i s  u n s t a b l e  and t h e  Auger spec t rum o b t a i n e d  under  such  a 

c o n d i t i o n  i s  u n r e l i a b l e .  We have  d i s c o v e r e d ,  however,  t h a t  t h e  

c r o s s - o v e r  v o l t a g e  o f  t h e  secondary  e l e c t r o n  e m i s s i o n  c o e f f i c i e n t  

and  t h u s  t h e  "charge up" e f f e c t  i s  g r e a t l y  dependent  on t h e  

geometry  and m i c r o s t r u c t u r e  of t h e  powder s u r f a c e .  F l a t  and 

smooth sample s u r f a c e s  seem t o  have  h i g h e r  s econdary  e l e c t r o n  

e m i s s i o n  c o e f f i c i e n t s  s o  t h a t  t h e  obse rved  n e g a t i v e  c h a r g i n g  i s  

l e s s .  With such  sample s u r f a c e s  w e  were able t o  o b t a i n  Auger 

s p e c t r a  i n d i c a t i n g c n l y  some 20-40 V n e g a t i v e  c h a r g e  on t h e  sample .  
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T h i s  cha rge  i s  s t ab le  and t h e  s p e c t r a  are r e p r o d u c i b l e .  F i g u r e  1 

shows t h e  spec t rum of  an  Apol lo  11 d u s t  sample .  E lements  such  as 

i r o n  and t i t a n i u m ,  which are only p r e s e n t  i n  a few a tomic  p e r c e n t  

i n  t h e  sample  ( i n  b u l k  c o n c e n t r a t i o n )  are c l e a r l y  d i s t i n g u i s h a b l e  

i n  t h i s  Auger spec t rum.  

The q u a l i t y  of o u r  r e c e n t  Auger s p e c t r a  was a l s o  enhanced 

b y  m o d i f i c a t i o n  o f  some o f  t h e  e l e c t r o n i c  components of  t h e  

s p e c t r o m e t e r .  

a c q u i s i t i o n  e l e c t r o n i c s .  A s p e c i a l l y  c o n s t r u c t e d  low n o i s e  FET 

F i g u r e  2 shows a b l o c k  diagram of t h e  s i g n a l  

preamp and a n e u t r a l i z a t i o n  network are  t h e  s a l i e n t  a d d i t i o n s  t o  

these e l e c t r o n i c s .  F i g u r e  3 shows i n  d e t a i l  t h e  modula t ion  and 

I n e u t r a l i z a t i o n  u n i t s .  

I n  a d d i t i o n  t o  t h e  above m o d i f i c a t i o n s  a t e m p e r a t u r e  c o n t r o l  

has been  c o n s t r u c t e d  f o r  t h e  e l e c t r o n  gun t o  keep  t h e  f i l a m e n t  

t e m p e r a t u r e  c o n s t a n t ,  i n  t u r n  keep ing  t h e  f i l a m e n t  e m i s s i o n  c o n s t a n t .  

T h i s  c i r c u i t r y  a p p e a r s  t o  b e  a s i g n i f i c a n t  improvement o v e r  t h e  

p r e v i o u s  u n r e g u l a t e d  D . C .  v o l t a g e  s o u r c e .  

The a n a l y t i c a l  t o o l  be ing  s a t i s f a c t o r y  f o r  t h e  p r o j e c t ,  o u r  

a t t e n t i o n  has been  t u r n e d  t o  t h e  improvement of t h e  s o l a r  wind 

s i m u l a t o r .  T h i s  a p p a r a t u s  gave ve ry  good per formance  f o r  a number 

o f  years i n  t h e  p a s t  b u t  i t  needed much r e p a i r ,  main tenance  work 

and minor m o d i f i c a t i o n s  i n  o r d e r  t o  o b t a i n  s u f f i c i e n t l y  h igh  

vacuum f o r  s u c c e s s f u l  p r o t o n  bombardment expe r imen t s .  The pumping 

s y s t e m ,  t h e  water c o o l i n g  s y s t e m ,  t h e  i o n  s o u r c e ,  t h e  c o l d  t r a p  

c o o l i n g  s y s t e m ,  a l l  had t o  be t a k e n  a p a r t ,  c l e a n e d  and some of  

t h e i r  components changed o r  r edes igned .  R e p a i r  work had  t o  be done 

on t h e  oven,  t h e  oveD c o n t r o l  and o t h e r  c o n t r o l  e l e c t r o n i c s .  
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A t  t h i s  p o i n t  i t  i s  p o s s i b l e  t o  o b t a i n  s u f f i c i e n t l y  h i g h  

vacuum ( 2  X t o r r )  i n  t h e  a p p a r a t u s  b u t  there i s  some problem 

w i t h  back  s t r e a m i n g  o i l  from t h e  d i f f u s i o n  pump and the  r e s u l t i n g  

con tamina t ion  of t h e  i o n  bombardment chamber. The f i rs t  Auger 

s p e c t r a  t a k e n  of i r r ad ia t ed  samples w i l l  i n d i c a t e  t h e  l e v e l  o f  t h e  

c o n t a m i n a t i o n .  Changing t h e  c o o l i n g  a g e n t  i n  t h e  t r a p  above t h e  

d i f f u s i o n  pump from Freon cooled methanol  t o  l i q u i d  N2 might  

ve ry  w e l l  s o l v e  the  problem. 

We e x p e c t  t o  s t a r t  t h e  i r r a d i a t i o n  expe r imen t s  on t e r r e s t r i a l  

and l u n a r  samples  and t h e  subsequent  Auger a n a l y s i s  o f  these samples, 

soon .  

B) O p t i c a l  P r o p e r t i e s  of t h e  Apollo 15 Deep Core Samples 

The a l b e d o  of 17 powder samples from t h e  Apollo 15 deep c o r e  

t u b e  was de te rmined .  The p o s i t i o n  of t h e s e  samples ranged  from 1 5  c m  

t o  108 cm d e p t h  from t h e  t o p  of t h e  c o r e .  

F i g u r e  4 shows t h e  a lbedo ,  no rma l i zed  by comparison w i t h  

MgO, as a f u n c t i o n  of dep th  i n  t h e  c o r e  t u b e ,  a t  A = 5500 A and a t  

a phase a n g l e  of 7'. Due t o  t h e  minute  q u a n t i t i e s  of c o r e  samples  

a v a i l a b l e ,  t h e  r e f l e c t i v i t y  measurements were made w i t h  ve ry  small  

( 4 m m  i n  diameter) sample s u r f a c e s .  I n  o r d e r  t o  i n c r e a s e  a c c u r a c y ,  

e v e r y  measurement was repeated w i t h  th ree  d i f f e r e n t  sample o r i e n t a -  

t i o n s  and t h e  data p o i n t s  r e p r e s e n t  t h e  a r i t h m e t i c  a v e r a g e  of  these  

measurements .  The upper  and lower l i m i t s  a r e  a l s o  shown. The 

d i f f e r e n t  c u r v e s  connec t  da ta  p o i n t s  o b t a i n e d  w i t h  d i f f e r e n t  

s ample  p r e p a r a t i o n  methods (as  i n d i c a t e d  i n  t h e  f i g u r e ) .  The 

a l b e d o  a t  0 cm d e p t h  i s  t h a t  of a t y p i c a l  Apol lo  1 5  s u r f a c e  

sample ,  t h e  t o p  of  t h e  c o r e  sample n o t  b e i n g  a v a i l a b l e .  

0 
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It i s  e v i d e n t  from F i g u r e  4 t h a t  t h e  v a r i a t i o n  o f  a l b e d o  

w i t h  d e p t h  i s  s i g n i f i c a n t .  If w e  take t h e  r e s u l t s  o b t a i n e d  w i t h  

t h e  l o o s e l y  compacted sample (pe rhaps  t h e  c l o s e s t  t o  t h e  a c t u a l  

l u n a r  s i t u a t i o n )  we f i n d  t h e  albedo v a r i e s  between 9 .3% ( a t  15  cm 

d e p t h )  and 15 .2% ( a t  63  cm dep th )  and t h a t  t h i s  v a r i a t i o n  i s  a 

seemingly random f u n c t i o n  of depth .  Bowel1 e t  a l .  (1) examined 

some 1 7  s u r f a c e  f i n e s  from t h e  Apollo 11 t o  1 5  s i t e s  and t h e  Luna 

1 6  and 20 s i t e s  and found tha t  t h e  a l b e d o  of  t h e s e  samples  ( a t  

X = 5850 A and a t  a phase  ang le  of 5') v a r i e d  between Q 7.5% and 

1 6 . 5 % .  Thus,  j u s t  p r o b i n g  t o  1 mete r  d e p t h  below t h e  s u r f a c e  one 

0 

e n c o u n t e r s  a lmost  as s i g n i f i c a n t  a v a r i a t i o n  i n  t h e  o p t i c a l  p rope r -  

t i e s  of t h e  samples  as t h e  r e g i o n a l  v a r i a t i o n s  ove r  t h e  e n t i r e  Moon. 

It i s  a l s o  remarkable how s h a r p l y  t h e  a l b e d o  changes w i t h  a 

small change i n  d e p t h .  A t  63  cm d e p t h ,  f o r  example,  t h e  a l b e d o  

i s  l5%, whereas a t  63.5 cm i t  i s  1 2 . 7 % .  T h i s  a g a i n ,  as we 

p o i n t e d  o u t  e a r l i e r  ( 2 )  i n d i c a t e s  t h e  e x i s t e n c e  of a s u r f a c e  

t r a n s p o r t a t i o n  mechanism which i s  c a p a b l e  o f  d e p o s i t i n g  a v e r y  

t h i n  l aye r  of s o i l  w i thou t  mixing i t  w i t h  t h e  u n d e r l y i n g  l a y e r .  

I n  F i g u r e  5 ,  w e  p l o t t e d  t h e  minimum cosmic r a y  t r a c k  d e n s i t y  

c o u n t s  ( a c c o r d i n g  t o  F l e i s c h e r  and Hart ( 3 )  ) i n  samples  of one 

c o r e  t u b e  s e c t i o n ,  a l o n g  w i t h  o u r  a lbedo  r e s u l t s .  These c u r v e s  

i n d i c a t e  a ra ther  s t r i k i n g  p o s i t i v e  c o r r e l a t i o n  between t r a c k  

d e n s i t y  and a l b e d o ,  s u g g e s t i n g  t h a t  d i f f e r e n t  l a y e r s  had s u f f e r e d  

a d i f f e r e n t  h i s t o r y  of s u r f a c e  exDosure r e l a t e d  t o  t h e  d a r k e n i n g  

p r o c e s s .  Comparisons of d i f f e r e n t  r e g i o n a l  samples  had a l s o  s u g g e s t e d  

a r e l a t i o n s h i p  ( P r i c e  e t  al. ( 4 )  ) b u t  of t h e  o p p o s i t e  s i g n .  T h i s  
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i s  n o t  n e c e s s a r i l y  i n  c o n f l i c t ,  sin:€ many s i t u a t i o n s  can  be  

e n v i s i o n e d  where such  a c o r r e l a t i o n ,  if i t  e x i s t s ,  can  be of e i t h e r  

s i g n .  It i s  c l e a r  t h a t  a f u r t h e r  s t u d y  o f  t h i s  r e l a t i o n s h i p  would 

b e  most i n t e r e s t i n g  b o t h  w i t h  s u r f a c e  and c o r e  samples .  
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111. THEORETICAL RESEARCH 

A )  Mixing and Laye r ing  of  t h e  Lunar S o i l  

The i n f o r m a t i o n  on s u r f a c e  exposure  p r o v i d e d  b y  t h e  cosmic 

r a y  t racks  and t h e  s o l a r  wind i m p l a n t a t i o n  r e q u i r e s  a l a r g e  

p r o p o r t i o n  of t h e  g r a i n s  t o  have s p e n t  some t ime on o r  c l o s e  t o  

t h e  s u r f a c e .  The p r e s e n c e  of d i s t i n c t  l a y e r s  i n  t h e  s o i l  p re -  

c l u d e s  an e x p l a n a t i o n  i n  which m e t e o r i t i c  mixing  has been  v e r y  

t h o r o u g h .  

We have c a r r i e d  o u t  a s t a t i s t i c a l  Monte C a r l o  c a l c u l a t i o n  t o  

r e c o n s t r u c t  t h e  eff'eci;s of' icailiciii mix ing  t h a t  ! : r ~ n l d  h e  n e ~ d . e d  

t o  a c h i e v e  t h e  obse rved  u n i f o r m i t y  o f  s u r f a c e  e x p o s u r e .  From t h i s  

i t  i s  c l e a r  t h a t  e f f e c t s  o t h e r  t h a n  ranriom mixing must b e  i n v o l v e d .  

It a p p e a r s  t ha t  a p r o g r e s s i v e  bu i ld -up  of  t h e  s u r f a c e  must b e  

p o s t u l a t e d  t h a t  i s  f a s t  enough t o  beat  t h e  r a t e  of  m e t e o r i t e  

mix ing  i n  most l o c a l i t i e s ,  and t h a t  i n  t h i s  p r o c e s s  each  g r a i n  
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had a h i g h  p r o b a b i l i t y  of be ing  on t h e  s u r f a c e .  T h i s  i n d i c a t e s  

t h a t  most o f  t h e  ground sampled so  f a r  i s  i n  a r e a s  t h a t  are  accumu- 

l a t i n g  (and  n o t  denuding)  by a s u r f a c e  t r a n s p o r t a t i o n  process .  

I 
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FIGURE CAPTIONS 

F i g u r e  1. Auger e l e c t r o n  spectrum o f  an  Apollo 11 l u n a r  d u s t  
sample ,  showing Auger peaks up t o  850 V .  (The  p r imary  e l e c t r o n  
ene rgy  i s  1650  V . )  

F i g u r e  2 .  Block d iagram of t h e  a n a l y z e r  u n i t  o f  o u r  Auger s p e c t r o m e t e r  

F i g u r e  3. C i r c u i t  d rawing  of t h e  Auger modu la to r  and n e u t r a l i z e r  

F i g u r e  4 .  V a r i a t i o n  of a l b e d o  of 7' phase  a n g l e  as a f u n c t i o n  o f  
d e p t h  i n  t h e  Apollo 15  deep c o r e  samples  

F i g u r e  5 .  Compar.ison of t h e  v a r i a t i o n  of a l b e d o  and t h a t  of t h e  
cosmic r a y  t r a c k  d e n s i t y  c o u n t s  as a f u n c t i o n  o f  d e p t h  i n  t h e  
Apollo 1 5  deep c o r e  samples 
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Figure 1. 
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Figure 4 
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